g-Aminobutyric acid (GABA) is a major inhibitory neurotransmitter in central nervous system, and its application in drugs and functional foods has attracted great attention. To enhance production of g-aminobutyric acid, Lactobacillus rhamnosus YS9, a strain isolated from Chinese traditional fermented food pickled vegetable, was grown under submerged fermentation. Its cultivation conditions were investigated. When culture pH condition was adjusted to the optimal pH of glutamate decarboxylase activity, culture of Lb. rhamnosus YS9 in medium supplemented with 200 mM of monosodium glutamate and 200 mM of pyridoxal phosphate (PLP), produced 187 mM of GABA.
Introduction g-aminobutyric acid (GABA), a ubiquitous non-protein amino acid, functions as a major depressive neurotransmitter in animals (Mody et al., 1994) and plays an important role in cardiovascular function (DeFeudis, 1983) . Other physiological functions of GABA include induction of hypotensive, diuretic effects, tranquilizer effects and prevention of diabetic conditions (Jakobs et al., 1993; Wong et al., 2003) . Dut to its multiple functions, GABA can be applied to production of many drugs and functional foods.
Currently, production of fermented food containing high level of GABA is actively pursued. Some microorganisms with high GABA-producing ability have been isolated, such as Monascus (Kono and Himeno, 2000; Su et al., 2003) , Rhizopus (Aoki et al., 2003) , Lactobacillus paracasei (Komatsuzaki et al., 2005) , Lactobacillus brevis (Li et al., 2010; Park and Oh, 2007; Yokoyama et al., 2002) , Lactococcus lactis (Nomura et al., 1998) , Streptococcus thermophilus (Yang et al., 2008) . Glutamate decarboxylase (GAD) is responsible for GABA synthesis in microorganisms. Using lactic acid bacteria (LAB) harboring GAD to produce GABA-enriched food has attracted great attention since they are safe and recognized as probiotics.
Lactobacillus rhamnosus is an important industrial LAB for its ability to produce high level of lactic acid. In addition, it is a promising probiotic bacterium because it has been reported to persist in the colon and modify the colonic environment with potential positive health effects (Goldin et al., 1992; Ling et al., 1994) , and Lb. rhamnosus has been commercially used as starter of yoghourt production. However, there has been no investigation on fermentation of Lb. rhamnosus for GABA production. In previous work, Lb. rhamnosus YS9 was isolated from Chinese traditional fermented food pickled vegetable, and it appeared to produce high yield of GABA. The culture conditions for this strain to produce high level of GABA were firstly investigated in this study. transfers in 12% (w/v) sterilized skim milk. For GABA production, the culture was subsequently inoculated into 1 L of flask containing 400 mL of nutrient medium, which consisted of following compositions (per liter): 20 g of glucose, 10 g of peptone, 10 g of beef extract, 5 g of yeast extract, 2 g of ammonium dibasic citrate, 2 g of sodium acetate, 2 g of K 2 HPO 4 , 0.2 g of MgSO 4 7H 2 O, 0.05 g of MnSO 4 H 2 O, 1 mL of tween 80, 100 mM of pyridoxal 5'-phosphate (PLP), pH6.5. Unless otherwise stated, the strain was grown at 37°C. Monosodium glutamate (MSG) was added to broth at concentrations indicated in figure legends. In pH-regulated cultivation, pH was adjusted every 12 h by adding NaOH or HCl during cultivation.
Analysis of GABA and GAD activity assay
Extracellular and intracellular GABA analysis and GAD activity assay were carried out as previously described (Yang et al., 2008) . One unit of GAD activity was defined as the amount of enzyme that produced 1 mmol of GABA in 1 min.
Results and Discussion
Time course study of extracellular and intracellular GABA content A time course analysis of intracellular and extracellular GABA content in culture medium was conducted to assess the GABA-producing ability of L. rhamnosus YS9. Figure 1 shows the difference between extracellular and intracellular GABA content. Extracellular GABA was far higher than intracellular GABA, and the former peak appeared later than the latter. The reason for the phenomenon was that synthesis of GABA occurred intracellularly and GABA was secreted, accumulated extracellularly, which was consistent with the localization of GAD in cytoplasm of Lactobacillus (Higuchi et al., 1997) . The peak of GABA production was much later than that of cell growth, which might reflect that the enzyme responsible for GABA synthesis, glutamate decarboxylase (GAD), was induced by environmental stress. During growth, the decreased pH might be resulted from the strain's acid-producing ability which was well known as an important characteristic of LAB.
Effect of MSG concentration and cultivation temperature on GABA production and cell growth For high level of GABA production by Lb. rhamnosus YS9, optimal MSG concentration and cultivation termperature were determined by analysis of GABA content and cell optical density at various MSG concentrations and temperatures. Increasing concentration of MSG led to increasing GABA content (Figure 2 ) and the highest extracellular GABA yield was observed with 200 mM of MSG, although cell growth rate seemed to be mildly inhibited (Figure 3 ). So it can be deduced that the GABA production may be improved with increased concentration of MSG added to the culture medium, and the MSG concentration above a certain level would inhibit cell growth. As for L. rhamnosus YS9, MSG concentration should be limited to 200 mM.
The relation of culture temperature and GABA production was examined (Figures 4 and 5) . Within the range of test temperatures, cultivation at 43°C led to the highest GABA yield and cell growth. So the optimal cultivation temperature of Lb. rhamnosus YS9 for GABA production was 43°C, which would drastically inhibit other LAB's growth rate, such as Lb. paracasei NFRI 7415 (Komatsuzaki et al., 2005) . This might be due to different physiological and enzymatic characteristics between different GABA-producing LAB strains.
Effect of PLP addition on extracellular GABA production GAD belonged to PLP-dependent decarboxylase, which would form Schiff's base with substrate, thus as a 184 Lin coenzyme, PLP was essential to the enzyme activity. So it might be hypothesized that addition of PLP to the culture medium would improve GABA production. The effect of PLP addition was examined by analysis of extracellular GABA content in culture broth of L. rhamnosus YS9 with PLP at different concentrations. Figure 6 shows that the higher the concentration of PLP was, the higher level of extracellular GABA the strain would produce. In this study, PLP was added at initial cultivation, and the enhancement effect of GABA production was similar to that of L. paracasei NFRI 7415 (Komatsuzaki et al., 2005) , but different from that of S. thermophilus Y2 (Yang et al., 2008) . So the optimal concentration of PLP added to culture medium was 200 mM.
Effect of pH regulation of culture medium on extracellular GABA production Many reports on bacterial GAD suggested that pH played an important role in the enzyme activity and GABA production. Since GABA synthesis was dependent on GAD, the highest yield of GABA might be obtained when the cultivation conditions were the same as that of enzyme catalysis. For the GAD of Lb. rhamnosus YS9, the optimal pH was determined by measurement of enzyme activity in cells under various pH conditions. GAD activity dramatically decreased at pH 4.0 and pH > 4.8 (Figure 7) . Lb. rhamnosus YS9 did not show high GAD activity at low pH, although it was believed that bacterial GAD plays a major role in acid-resistance mechanism. As Figure 7 shows, the optimum pH for GAD activity was 4.4. Accordingly, GABA production was measured by cultivation of Lb. rhamnosus YS9 under pH-regulated conditions. Figure 8 shows that under pH-regulated conditions and other optimized conditions (43°C, 200 mM PLP, 200 mM MSG), Lb. rhamnosus YS9 produced higher level of GABA, In summary, a strain of Lb. rhamnosus was examined for its ability to produce GABA. Generally, bacterial glutamate decarboxylases are located in cytoplasm, whereas glutamate and GABA can be transported through membrane and exchanged, which results in the extracellular accumulation of GABA. So production of GABA can be achieved by cultivation of LAB under the GAD optimal reaction conditions. In this paper, by adjusting the culture conditions of Lb. rhamnosus YS9 to achieve the GAD maximum activity, GABA production was enhanced dramatically. (Yokoyama et al., 2002) , Lb. brevis NCL912, 345.83 mM (Li et al., 2010) , Lb. paracasei NFRI 7415, 302 mM (Komatsuzaki et al., 2005) , and Streptococcus thermophilus Y2, 77 mM (Yang et al., 2008) . Though Lb. rhamnosus has been used widely for production of fermented foods, there is no investigation on its GABA-producing ability before. The strain's potential for functional food production was worthy of further exploration. 
